Recently, certain studies have demonstrated in vitro that prostaglandin E2 (PGE2) promotes human cluster of differentiation (CD)34 + cell homing. However, the sub-type receptors activated by PGE2 are unknown, as the PGE2 receptor EP1-4 subtypes (EP1-4) are expressed on the membrane of human CD34 + cells. Based on the above, the present study aimed to screen the receptor subtype activity by PGE2 to promote human CD34 + cell homing. It was observed that human CD34 + cells expressed the four PGE2 sub-receptors, particularly EP2 and 4. PGE2 increased EP2 and 4 mRNA expression significantly, while EP1 and 3 mRNA exhibited no significant alteration. PGE2, EP2 agonist (EP2A), and EP4A upregulated C-X-C chemokine receptor 4 mRNA and protein expression in human CD34 + cells, and promoted stromal cell-derived factor 1α (SDF-1α) expression in bone marrow mesenchymal stem cells (BMMSCs). These phenomena were inhibited by the associated receptor antagonists. PGE2, EP2A, and EP4A facilitated human CD34 + cell migration towards SDF-1α and BMMSCs. The results of the present study suggested that PGE2 promoted human CD34 + cell homing through EP2 and 4 receptors in vitro.
Introduction
Hematopoietic stem cells (HSCs) have the ability of self-renewal and multilineage differentiation potential. They are capable of regenerating hematopoietic and immunological systems following injury of bone marrow and thus have potential as therapies for bone marrow failure, hematological malignancies and immunodeficiencies (1) . Hematopoietic stem cell transplantation (HSCT) has been developed rapidly in recent years. However, the limited number of HSCs and homing failure hinder the further development of transplantation. Promoting donor HSC homing and proliferation is one of the key measures to prevent implantation dysfunction (2, 3) .
The chemokine stromal cell-derived factor 1α (SDF-1α) is secreted by bone marrow mesenchymal stem cells (BMMSCs) and only binds to C-X-C chemokine receptor 4 (CXCR4), which is expressed on cluster of differentiation (CD) 34 + cells. The CXCR4/SDF-1a (4-6) signaling axis is considered to serve a pivotal role in homing. Peled et al (4) demonstrated that exposing human cord blood-derived CD34 + cells to anti-CXCR4 antibody reduces homing to bone marrow (BM) in non-obese diabetic/severe-combined immunodeficient mice and indicated that CXCR4 is important for HSC homing. Improving CXCR4 or SDF-1a expression may promote CD34 + cell homing.
Prostaglandin E2 (PGE2) is a metabolic product of arachidonic acid (AA). Cyclooxygenase (Cox)-1 or -2 converts AA into prostaglandin H2 (PGH2) and PGE synthase subsequently converts PGH2 into PGE2. PGE2 is involved in numerous physiological and pathological systems (7) . PGE2 inhibits T cell receptor signaling and may induce inflammation (8) , and also stimulates bone resorption of osteoclasts (9) . In addition to this, PGE2 serves an important role in stem cells. A previous study demonstrated that PGE2 promotes progenitor proliferation in in vitro cell culture and in colony forming unit-spleen assays following transplantation (10) . North et al (11) , using a Zebrafish embryo model, confirmed that embryos exposed to exogenous 16,16-dimethyl-PGE2 (dmPGE2) exhibit a notable increase in HSC numbers. The increase in PGE2 synthesis improved HSC numbers, while the inhibition of PGE2 synthesis decreased the numbers of HSCs. Current studies suggested that PGE2 promotes human CD34 + cells homing in vitro (12, 13) . However, PGE2 has four specific G protein coupled E prostanoid (EP) receptors, PGE2 receptor EP1-4 subtypes (EP1-4). Sugimoto et al (14) , using a knock-out mice model for each EP subtype receptor, identified that PGE2 is mediated by each EP sub-type receptor, which generates differences in signal transduction and physiological effects. EP1, through the activation of phospholipase C, regulates intracellular Ca 2+ levels, and EP2 and 4 increase the levels of cyclic (c) AMP by binding with stimulatory G proteins. In contrast with EP2 and 4, EP3 inhibits cAMP production via inhibitory G proteins. Applying PGE2 directly to patients may produce a variety of serious adverse events. In previous years, studies on EP agonists (EPAs) and EP antagonists (EPAAs) have increased exponentially. EP1AA induces apoptosis in breast cancer cells, inhibits the development of breast cancer (15) and suppresses colon cancer development in rats (16) . EP2AA possesses the potential for treatment of glaucoma (17) . PGE2, via EP4, stimulates anti-inflammation in the lung and provides a novel clinical perspective for chronic airway inflammatory conditions (18) . However, studies on the effects of EPAs and EPAAs on HSCs have not been reported. Therefore, the present study aimed to investigate the specific subtype receptor mediating PGE2 promotion of human CD34 + cell homing. More importantly, the results of the present study provide evidence to develop a novel targeted treatment to prevent human HSC implantation dysfunction in the future.
In the present study, it was demonstrated that EP2A and EP4A upregulated CXCR4 and SDF-1a expression, and increased the migratory ability of CD34 + cells towards SDF-1a and BMMSCs.
Materials and methods
Reagents. Healthy donors were selected from the Department of hematology, the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). The specimen handling was performed in accordance with the requirements of the hospital ethics committee. The present study was approved by the ethics committee of The First Affiliated Hospital of Sun Yat-sen University and written informed consent was obtained from all patients. Bone marrow was obtained from healthy donors directly. Peripheral blood was collected after the healthy donors received granulocyte colony stimulating factor (G-CSF) mobilization. dmPGE2 was bought from the Cayman Chemical Company (Ann Arbor, MI, USA). The EP2AA AH-6809 was bought from the Cayman Chemical Company. The EP2A ONO-AE1-259, EP4A ONO-AE1-329 and EP4AA ONO-AE3-208 were provided by Japanese ONO Pharmaceutical Co., Ltd. (Osaka, Japan).
Human CD34
+ cell magnetic sorting. A total of 3-5 ml peripheral blood was extracted from allogeneic hematopoietic stem cell transplantation healthy donor following G-CSF mobilization. Following 3-5-fold dilution with PBS, the blood was treated with Ficoll-Paque fluid (1.077 g/ml; MP Biomedicals, Santa Ana, CA, USA) and centrifuged at 400 x g at 20˚C for 30 min to separate mononuclear cells. Human CD34 + cells were sorted using CD34 + immunomagnetic bead kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), according to the manufacturer's protocol. Part of the CD34 + cells were collected for purity testing by flow cytometry (FCM; Beckman Coulter, Fulterton, CA, USA) and the other part were used for the rest experiments.
BMMSC culture and identification. A total of 10 ml bone marrow fluid was collected and bone marrow mononuclear cells isolated using Ficoll-Paque liquid. The cells were subsequently resuspended in low glucose Dulbecco's modified Eagle's media (L-DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and cultured at 37˚C containing 5% CO 2 of the atmosphere in a 10-cm dish. When adherent cells were >80% confluent, they were detached with 0.25% trypsin and 0.01% EDTA (Gibco; Thermo Fisher Scientific, Inc.) and subsequently replated at a dilution of 1:3. Passage 3 cells were used for immunophenotypic analysis, and osteogenic and adipogenetic induction. FCM was applied to evaluate the expression of BMMSC surface antigens CD73, CD90, CD105, CD14, CD34, and CD45.
BMMSC suspension (1x10
5
; 100 µl) was added to each of 6 1.5 ml Eppendorf tubes. Each tube then received 10 µl phycoerythrin (PE) -conjugated anti-human CD73 antibody (PE-CD73; 550257; BD Biosciences, San Diego, CA, USA), 10 µl phycoerythrincyanin 5 (PC5) -conjugated anti-human CD90 antibody (PC5-CD90; 561972; BD Biosciences), 10 µl PE-conjugated anti-human CD105 antibody (PE-CD105; 560839; BD Biosciences), 10 µl PE-conjugated anti-human CD34 antibody (PE-CD34; 550761; BD Biosciences), 10 µl floresceinisothiocyanate (FITC)-conjugated anti-human CD14 antibody (FITC-CD14; 555397; BD Biosciences) and 10 µl PC5-conjugated anti-human CD45 antibody (PC5-CD45; 555484; BD Biosciences) respectively. The tubes were incu-) respectively. The tubes were incurespectively. The tubes were incubated in the dark and at room temperature for 30 min. The stained cells were washed twice with PBS and analyzed by FCM (CellQuest Pro; Beckman Coulter, Fulterton, CA, USA) at 488 nm. Formulated osteogenic and adipogenetic induction medium (Cyagen, Santa Clara, CA, USA) was used, according to the manufacturer's protocol. The detached third passage cells were washed twice with PBS, and resuspended with osteogenic and adipogenetic induction medium. The medium was changed every 3 days. After 21 days, the supernatant was discarded, and cells were stained for 30 min at room temperature with alizarin red for osteogenic evaluation and oil red O for adipogenetic evaluation, and observed under an inverted microscope (magnifications, x4 and x10).
Human CD34
+ cell treatment. The sorted human CD34 + cells were resuspended in RPMI 1640 (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) medium containing 10% FBS at a density of 5x10 5 /ml and divided into 6 groups, including the control [dimethyl sulfoxide (DMSO); 0.1%], the PGE2 group (1 µmol/l), the EP2A group (100 nmol/l), the EP2A (100 nmol/l) + EP2AA group (100 nmol/l), the EP4A group (100 nmol/l), and the EP4A (100 nmol/l) + EP4AA group (100 nmol/l). All the groups received 100 ng/ml recombinant human stem cell factor (rhSCF; PeproTech, Inc., Rocky Hill, NJ, USA). The cells were incubated on ice for 2 h, and then cultured at 37˚C in an atmosphere containing 5% CO 2 for 22 h.
Western blotting of CXCR4. Human CD34 + cells were lysed on ice in radioimmunoprecipitation assay buffer [RIPA Lysis Buffer (Medium); Beyotime Institute of Biotechnology, Shanghai, China] following the above treatment. The protein concentration was determined using the Bradford method. Equal amounts (30 µg) of protein were subjected to SDS-PAGE on a 10% gel (the molecular weight CXCR4 is 40-47 kD so a 10% gel was selected) and transferred to a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). Membranes were incubated overnight at 4˚C with primary antibody against CXCR4 (1:1,000; SC-9046; Santa Cruz Biotechnology, Inc.) and GAPDH (1:2,000; SC-47724; Santa Cruz Biotechnology, Inc.). Membranes were incubated at room temperature for 1 h with the horseradish peroxidase-conjugated immunoglobulin G secondary antibody (1:5,000; A32723; Pierce; Thermo Fisher Scientific, Inc.). Proteins were visualized using the Super Signal West Pico chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.).
ELISA detection of SDF-1a levels secreted by BMMSCs. The 3rd generation BMMSCs were resuspended in L-DMEM containing 10% FBS at a density of 1x10 6 cells/ml and divided into six groups: Control group (DMSO; 0.1%); PGE2 group (1 µmol/l); EP2A group (100 nmol/l); EP2A (100 nmol/l) + EP2AA group (100 nmol/l); EP4A group (100 nmol/l); and EP4A (100 nmol/l) + EP4AA group (100 nmol/l). All the above groups received rhSCF (100 ng/ml) and were cultured at 37˚C in an atmosphere containing 5% CO 2 for 24 h. The supernatant was collected at 24 h, and the concentration of SDF-1a was detected using an ELISA kit (rhSDF-1a ELISA kit; DSA00; R&D Systems, Inc., Minneapolis, MN, USA), according to manufacturer's protocol.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) detection of CXCR4 and SDF-1a expression.
Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was reverse transcribed to cDNA using the Superscript ® III Reverse Transcriptase (Thermo Fisher Scientific, Inc.) and oligo-dT primer. qPCR was performed on a Bio-Rad fluorescent quantitative PCR instrument using the Platinum ® SYBR ® Green qPCR SuperMix (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min; 45 cycles of denaturation at 95˚C for 15 sec, annealing at 62˚C for 30 sec and extension at 65˚C for 5 sec. Fluorescence intensity in each cycle was monitored in real time. GAPDH was used as the endogenous control. The results were analyzed using the 2 -ΔΔCq method (19) . The primer sequences are listed in Table I .
Chemotactic effect of rhSDF-1α on human CD34
+ cells. The transwell assay was performed using transwell plates (3422; Corning Incorporated, Corning, NY, USA) to evaluate human CD34 + cell migration. A total of 400 µl FBS-free medium containing 100 ng/ml rhSDF-1a (PeproTech) was added to the lower chamber. A total of 100 µl medium containing 2x10 5 
CD34
+ cells/ml were added to the upper chamber following drugs treatment and twice washing in serum free medium. Plates were incubated for 4 h. The cells in the lower chamber were collected and fixed at room temperature with 4% paraformaldehyde for 1 h. FCM (CellQuest Pro software; Beckman Coulter, Fulterton, CA, USA) was used to count the CD34 + cells and thus calculate the migratory rate.
Chemotactic effect of BMMSCs on human CD34
+ cells. 1x10 5 BMMSCs were seeded into the lower chamber, and treated with DMSO (control; concentration, 0.1%), PGE2 (1 µmol/l), EP2A (100 nmol/l), EP2A (100 nmol/l) + EP2AA (100 nmol/l), EP4A (100 nmol/l) and EP4A (100 nmol/l) + EP4AA (100 nmol/l) for 24 h. Equal amounts (1x10 5 ) of CD34 + cells from the six treatment groups were added to the upper chamber, receiving the same treatment as the BMMSCs in lower chamber. Following Table I . Primer sequences used in the reverse transcription-polymerase chain reaction.
Primer sequence ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Gene
Forward Reverse
CXCR4, C-X-C chemokine receptor type 4; SDF-1a, stromal cell-derived factor 1α. Figure 1 . CD34 + cell purity flow cytometry assay. CD, cluster of differentiation; FITC, fluorescein isothiocyanate. a 6 h incubation, the cells in the lower chamber were collected and fixed with 4% paraformaldehyde for 1 h. FCM was used to count the CD34 + cells to calculate migratory rate.
Statistical analysis.
All statistical analysis was performed using SPSS software (version 13.0; SPSS, Inc., Chicago, IL, USA). Values are presented as the mean ± standard deviation. The Paired t-test was used for data comparison. P<0.05 was considered to indicate a statistically significant difference.
Results

Human CD34
+ cell sorting and identification. Human CD34 + cells were isolated by magnetic beads and identified by FCM for purity, their purity was >90% (Fig. 1) .
BMMSCs cultivation and identification. BMMSCs were isolated from healthy volunteers for cultivation. BMMSCs presented as fusiformis, spindle-shape, or polygon after 1 week (Fig. 2A) . Subsequently, the cells were passaged for further purified cultivation. Osteogenetic differentiation ability following treatment with osteogenesis-induction medium for 3 weeks was identified by staining with alizarin red. Red calcium nodules observed under the inverted microscope (Fig. 2B) . These results suggested that the BMMSCs exhibited osteogenetic-differentiation capabilities. The cells in the 3rd generation were treated with adipogenic-induction medium for 3 weeks and stained with oil red O. Red lipid droplets in grape-like clusters were observed under the inverted microscope ( Fig. 2C and D) . These results indicated that those cells exhibited the ability of adipogenic differentiation. The 3rd generation cells were collected for FCM. Those cells highly expressed CD73, CD90 and CD105, while negative expressing CD14, CD34 and CD45 (Fig. 2E) . These results revealed that BMMSCs present stem cell surface antigens and not hematopoietic cell surface antigen. (Fig. 3A) , while BMMSCs primarily expressed EP1, 2 and 4 (Fig. 3B) .
PGE2 receptors EP1-4 are expressed in human CD34
PGE2 elevates EP2 and 4 mRNA expression in human CD34
+ cells. Following treatment with PGE2, the level of EP2 and 4 mRNA in CD34 + cells was increased 1.44-(P=0.035) and 1.3-fold (P=0.029) compared with the control, respectively. EP1 and 3 mRNA levels did not exhibit a significant alteration (Fig. 3C) . Therefore, PGE2 may serve a critical role in human CD34 + cells through EP2 and 4. Subsequently, EP2 and 4 were selected as the targets to investigate the effect of EPAs on human CD34 + cells.
PGE2 promotes CXCR4 mRNA expression in human CD34
+ cells through EP2 and 4. RT-qPCR was performed to evaluate CXCR4 mRNA expression in human CD34 + cells. It was observed that compared with the control, CXCR4 mRNA expression levels in the PGE2, EP2A and EP4A groups, were elevated 2.51-(P= 0.016), 7.3-(P= 0.0012) and 8.17-fold (P= 0.0005), respectively. Following treatment with EP2AA (P=0.0022) or EP4AA (P=0.04), CXCR4 mRNA levels decreased significantly (Fig. 4A) .
PGE2 promotes CXCR4 protein expression in human CD34
+ cells through EP2 and 4. Western blotting was performed to test CXCR4 protein expression in human CD34 + cells. It was revealed that treatment of human CD34 + cells with PGE2, EP2A and EP4A increased the expression of CXCR4 protein.
Following treatment with EP2AA or EP4AA, CXCR4 protein levels reduced markedly (Fig. 4B) .
PGE2 promotes SDF-1a mRNA expression in BMMSCs through EP2 and 4. RT-qPCR was performed to test SDF-1a mRNA expression in human CD34
+ cells. Compared with the control, the SDF-1a mRNA expression levels in the PGE2, EP2A and EP4A groups were increased 4.4-(P=0.0003), 1.72-(P=0.0158), and 2.32-fold (P=0.0003), respectively. Following treatment with EP2AA (P=0.0073) or EP4AA (P=0.0002), SDF-1a mRNA levels declined significantly (Fig. 5A) . respectively. Conversely, EP2AA (P=0.009) and EP4AA (P=0.01) led to significantly decreased SDF-1a secretion (Fig. 5B) .
PGE2 promotes the secretion of SDF-1a by
PGE2 promotes human CD34
+ cell migration towards high SDF-1a concentrations through EP2 and 4. Transwell assays demonstrated that treatment with PGE2, EP2A and EP4A enhanced human CD34 + cell migratory ability towards high SDF-1a concentrations. The migratory rate reached 71.9±3.52 (P= 0.009), 62±0.58 (P= 0.0178) and 64.2±2.77% (P=0.0234) in the PGE2, EP2A and EP4A groups, respectively, which was significantly increased compared with the control (48.4±3.45%). Following treatment with EP2AA or EP4AA, migratory ability decreased significantly to 51±2.94% (P=0.0228) and 52±2.02% (P=0.0236), respectively (Fig. 6A) .
+ cell migration towards BMMSCs through EP2 and 4. Transwell assays demonstrated that treatment with PGE2, EP2A and EP4A increased human CD34 + cell migration towards BMMSCs. The migration rate reached 17.9±0.64, 20.3±2.367, and 21.2±1.27% in the PGE2 (P= 0.0054), EP2A (P= 0.041) and EP4A (P= 0.0038) groups, respectively, which was significantly increased compared with the control. Following treatment with EP2AA or EP4AA, the migratory ability decreased significantly to 12.3±2.13 (P=0.0361) and 12.4±0.81% (P=0.0043), respectively (Fig. 6B) .
Discussion
PGE2, a subset of the eicosanoid family, is involved in numerous physiological process, including stem cell development, inflammation and cancer (20) . PGE2 exhibits a stable and direct hematopoietic regulatory ability (1, 11, (21) (22) (23) (24) (25) . PGE2 promotes HSC homing following transplantation and prevents its dysfunction with clinical application prospects. PGE2 serves a role through four G-protein coupled receptors (EP1-4) on the cell surface (26, 27) . Different receptors mediated different physiological effects, and their expression levels varied between different tissues and organs. Aside from promoting human CD34 + cell homing, PGE2 may also induce other biological effects through other sub-receptors (28) (29) (30) (31) (32) (33) (34) . Thus, the promoting effect of PGE2 on human CD34 + cells is nonspecific, and its direct application to patients may result in serious side effects. Therefore, it is necessary to investigate the sub-type of receptor that mediates the promoting effect of PGE2 on CD34 + cell homing. PGE2 regulates rat hematopoietic stem/progenitor cells directly through the EP4 receptor and indirectly through stromal progenitor cells (35) . PGE2 stimulates bone formation and prevents bone loss mediated by EP4 (36) . Dendritic cells develop from hematopoietic progenitor cells through EP1 and 3 (37) . However, few studies have investigated the sub-receptor which mediates PGE2-induced human HSC homing. In the present study, it was discovered by RT-qPCR that human peripheral blood CD34 + cells expressed the four receptors of PGE2, of which EP2 and 4 mRNA expression was significantly increased compared with that of EP1 and 3. Following treatment with PGE2 for 24 h, EP2 and 4 mRNA expression levels increased, while EP1 and EP3 mRNA exhibited no significant alteration. These results suggested that PGE2 may mediate its effect on human HSC through EP2 and 4. Specific EP2 and 4 agonists (EP2A and EP4A) and specific antagonists (EP2AA and EP4AA), were used to investigate the roles of EP2 and human CD34 + cell homing. The CXCR4/SDF-1a signaling axis serves a critical role in the process of HSC homing (38) (39) (40) . CXCR4 is located on the surface of HSCs. Hoggatt and Pelus (21) reported that PGE2 markedly increased CXCR4 expression on the surface of mouse and human HSCs. The results of the present study also confirmed that PGE2 promotes CXCR4 mRNA and protein overexpression. It was observed that treatment with EP2A and EP4A upregulated CXCR4 expression in human CD34
+ cells, while treatment with EP2AA and EP4AA reduced CXCR4 expression. SDF-1a is primarily synthesized and secreted by BMMSCs. It serves an important role in HSC proliferation, mobilization and hematopoietic reconstruction following HSCT (41) (42) (43) , and provides directional power for HSCs migration. The present study revealed that, similar to treatment with PGE2, EP2A and EP4A also enhanced the chemotactic ability of human CD34 + cells towards SDF-1a. PGE2, EP2A and EP4A enhanced human CD34 + cell migration towards BMMSCs, while EP2AA and EP4AA reduced human CD34 + cell migration towards BMMSCs. Further investigation demonstrated that PGE2, EP2A and EP4A promoted BMMSC secretion of SDF-1a, whereas EP2AA and EP4AA treatment reduced SDF-1a secretion.
In conclusion, PGE2 promoted human CD34 + cell homing through EP2 and 4, which was primarily associated with the effect of EP2 and 4 on CXCR4 expression on the surface of human CD34 + cells and on the ability of BMMSCs to secrete SDF-1a. The results of the present study highlighted the importance of EP2 and 4 in HSC homing, and may provide novel evidence for the clinical application of HSCT. P<0.01. SDF-1a, stromal cell-derived factor 1α; EP2A, prostaglandin E2 receptor EP2 subtype agonist; BMMSC, bone marrow mesenchymal stem cell; PGE2, prostaglandin E2; EP2AA, prostaglandin E2 receptor EP2 subtype antagonist.
